INTRODUCTION
Mitigating multi-lateral ecological and environmental concerns will define next-generation technology. In particular, improvement in power electronic technologies ensures progress towards this goal. GaN-based semiconductors thus remain promising candidates, where GaN has several advantages over competing semiconductors in power applications-e.g., Si, SiC, and GaAs-due to superlative material properties. 1 Specifically, GaN is characterized by high power per unit width, which allows for smaller devices, easier manufacturing, and higher impedance. This characteristic also facilitates system matching that may be difficult with other materials such as GaAs. Moreover, the high breakdown field of GaN supports higher operating voltages, reduced voltage conversion, decreased power requirements, and simpler cooling.
Consequently, many GaN-based devices have demonstrated superior performance. 2 However, despite the success of GaN-based devices, there are three issues that require resolution before GaN technology can replace existing Si technology: (1) the development of high-quality growth methods of single-crystal epitaxial GaN, (2) the selective formation of regions, and (3) the minimization of electronic states at the gate dielectric and GaN or AlGaN interface. 3 In this article, we address the last one. More specifically, this work investigates the effects of the polarization bound charge associated with III-V nitrides on surface states in an attempt to reveal relevant pinning states. In particular, this work focuses on oxygen-terminated surfaces, which are more representative of the conditions at the device interface. Results of these oxygen-terminated surfaces show band bending is independent of the magnitude or direction of the polarization; these similarities indicate a likely pinning surface state located $0.4 eV to 0.8 eV below the conduction band that can accommodate both positive and negative charge. Based on available literature, we suggest the relevant pinning state is likely related to the nitrogen vacancy or gallium-dangling bond.
Unlike Si, GaN and other wurtzite, III-V nitrides are characterized by a macroscopic polarization, P * . This polarization arises from the material properties of the nitrides, where P * is the sum of the spontaneous polarization inherent to the equilibrium lattice, P * SP , and the piezoelectric polarization created by strain, P * PE . (See Fig. 1 .) Using ab initio calculations and material constants, the polarization along the c-axis as induced by the piezoelectric effect is
where C 13 and C 33 are elastic constants, e 31 and e 33 are piezoelectric coefficients, and a o and a are lattice constants. [4] [5] [6] [7] [8] [9] [10] [11] [12] For relaxed GaN and AlN, the piezoelectric polarization is negligible. 13 (However, this component of the polarization depends on the strain of the crystal and may vary with growth method, substrate material, or temperature).
The spontaneous polarization, on the other hand, is large for GaN and AlN; calculations using the Berryphase approach and local density [14] [15] [16] or generalized gradient approximations 15, 17 determine the spontaneous polarization is À0.029 C/m 2 and À0.081 C/m 2 for wurtzite GaN and AlN, respectively. This calculation assumes the respective (0001) Ga-and Al-face, suggesting the spontaneous polarization is directed towards the N-face. In addition, the magnitude of the polarization increases with aluminum content, as the spontaneous polarization is sensitive to structural parameters. Therefore, the longer anioncation bond length along the (0001) axis of AlN corresponds to an increase in magnitude along the c-axis of the wurtzite structure. 18 The polarization of Al x Ga (1Àx) N can thus be determined by linear interpolation as displayed in Table I .
This polarization charge gives rise to a bound surface charge,
There is thus a negative bound charge of 1.81 9 10 13 charges/cm 2 and 5.06 9 10 13 charges/ cm 2 for the Ga-and Al-face of GaN and AlN crystals, respectively. Consequently, an equivalent positive bound polarization charge exists on the N-face of GaN and AlN. Since the internal electric field of a widebandgap semiconductor is zero or near zero, the system adjusts to satisfy surface conditions of near charge neutrality. Therefore, the intrinsic material properties give rise to a distribution of inherent electronic states. The nature and distribution of the compensation charge affect the internal electric field of the materials and ultimately device performance.
This phenomenon is better understood in terms of surface band bending, which is directly related to the space charge region. More specifically, compensation charge in semiconductors, can take two forms: (1) the formation of an internal space-charge layer that consists of ionized donors and defects near the surface, or (2) external charged surface or interface states. These internal and external screening mechanisms are inversely related as shown in Fig. 2 , where the larger the compensation from the internal space-charge layer (and thus the smaller the net concentration of surface states), the larger the band bending. The band bending is thus calculated from the density of internal screening charge:
where q is the charge of an electron, e is the relative permittivity, e o is the permittivity of free space, N d is the doping density, and N ss is the net surface charge in charges/cm 2 . Assuming a doping density of 10 17 charges/cm 3 and a net polarization charge of Polarization Effects of GaN and AlGaN: Polarization Bound Charge, Band Bending, and Electronic Surface States 1.81 9 10 13 charges/cm 2 for GaN, this calculation suggests a surface potential of À420 V, which corresponds to 420 eV of upwards band bending and an average electric field of 200 MV/m at the surface of GaN. In equilibrium, this large internal field results in inversion or accumulation, and the band bending is thus limited to approximately the band gap of the material, 3.4 eV. (See Fig. 2a. ) 19, 20 Therefore, ionized donors cannot be solely responsible for the compensation of the polarization bound charge.
Experimental band bending measurements indicate the band bending is well below the band gap. (See Fig. 2b.) . In fact, most experimental band bending experiments for n-type Ga-face GaN typically report measurements between 0.3 eV and 1.5 eV. [21] [22] [23] These measurements can then determine the concentration of charged surface states from the band bending, where
This equation suggests a 0.1 eV change in band bending corresponds to a 3.2 9 10 11 charges/cm 2 change in the concentration of surface states.
EXPERIMENT
In this study, we determine the concentration of surface states from the experimentally measured band bending of several different sample surfaces, including the Ga-face of GaN and Al 0.25 Ga 0.75 N films as well as the Ga-and N-faces of freestanding GaN. These various sample surfaces enable us to examine different surfaces associated with several polarization bound charge conditions. Freestanding wafers were $450-lm-thick, n-type, as-grown via hydride vapor phase epitaxy (HVPE) purchased from READE Advanced Materials with a Si doping density of $8 9 10 17 cm À3 ; this doping density determined the position of the Fermi level to be $0.1 eV lower than the conduction band minimum. Additional n-type Ga-face epitaxial GaN wafers were also used. The samples were 5 ± 1 lm thick, as grown by HVPE on sapphire substrates purchased from READE Advanced Materials. The doping density was still $10 17 cm
À3
, which established a similar Fermi level position. To investigate the effects of a larger concentration of surface bound charge, Ga-face AlGaN was also used with 25% aluminum content as purchased from NTT Advanced Technology. Al 0.25 Ga 0.75 N samples were $50 nm thick, as deposited on Si substrates with a doping density of $10 17 cm À3 . This doping density ensured a similar Fermi level position as the other samples, $0.1 eV below the conduction band.
As-received wafers were cleaned ex situ via sonication in acetone, methanol, and NH 4 OH for 10 min each. Samples were then rinsed in DI water for 1 min and dried with nitrogen. After the chemical cleaning, samples were loaded into an ultra high vacuum system with base pressure of 4 9 10
À10
Torr. The inclusive UHV system allowed for in-situ cleaning, which reduced the oxygen coverage using NH 3 plasma and additional NH 3 gas annealing at 680°C for 15 min each. The plasma was operated at 100 W with a constant gas flow of 90 sccm and pressure of 60 mtorr. Characterization was subsequently conducted using in-situ XPS.
More specifically, XPS spectra were used to determine the stoichiometric ratios and surface band bending. These spectra were obtained at a base pressure of 8 9 10 À10 Torr. Mg Ka (=1253.6 eV) x-ray radiation was used as a radiation source, except when scanning the C 1s peak; the Ga LMM Auger lines and C 1s peak overlap, and, therefore, Al Ka (=1486.6 eV) x-rays were used. The non-monochromatic x-ray source used a 4.4 A filament current, 16 mA emission current, and 13 kV accelerating voltage. Survey scans were repeated 30-80 times with a pass energy of 20 eV. The spectra were dispersed with a Fisons Clam II hemispherical analyzer at a resolution of $1.0 eV. Through curve fitting of the core level peaks, the peak positions could be resolved to ±0.1 eV. These measurements included adjustments according to a calibration using a gold foil; typical corrections were À0.1 and À0.2 eV for respective Mg and Al radiation sources. XPS measurements were also used to determine the concentration and the atomic ratio of constituents near the surface; C 1s and O 1s spectra indicated the effectiveness of the cleaning process, while Ga 3d and N 1s spectra indicated the stoichiometric ratio of the GaN at the surface.
RESULTS
The oxygen coverage was defined as the number of absorbed oxygen atoms per Ga (Al) or N atoms at the c plane surface, where one oxygen atom per surface lattice site referred to a single monolayer (ML) of coverage. This ratio was calculated by the following 24 :
where I Ga and I O were the integrated intensities of the respective Ga 3d and O 1s peaks, S O and S Ga were the atomic sensitivity factors for respective O 1s and Ga 3d (0.66 and 0.31), 19 k Ga was the inelastic mean free path of Ga 3d electrons with kinetic energies $1200 eV ($24 Å ), 25 / was the angle between the normal direction and the analyzer (20°), and d was the distance between two Ga planes (2.6 Å ). For Al 0.25 Ga 0.25 N, this calculation was modified, where one in every four Ga atoms was replaced with an Al atom, giving
where I Al was the integrated intensity for the Al 2p peak, S Al was the atomic sensitivity factor for Al 2p (0.185), k Al was the approximate average inelastic mean free path of Al 2p electrons with kinetic energies $1400 eV ($24 Å ), 26 and d AlGaN was the distance between two Ga/Al planes (2.6 Å ). The oxygen coverage on each sample after the different cleaning states is summarized in Table II , and the XPS core levels are shown in Fig. 3 . In general, the AlGaN surfaces are more resistant to oxygen reduction; [27] [28] [29] this is expected given the difficulty of breaking Al-O bonds during the cleaning process. Moreover, the NH 3 cleaning reduced carbon below the XPS detection limit.
The atomic concentration ratios of the samples were also determined after the different processing steps from relative XPS intensities, as shown in Fig. 4 and summarized in Table III. Band bending (BB) of oxygen-terminated GaN and AlGaN was also calculated from the position of the Ga 3d core level and inherent material properties, as shown in Fig. 5 :
where E C was the position of the conduction band with respect to the Fermi level as determined by the doping density (À0.1 eV), E g was the band gap of the material (E g,GaN = 3.4 eV and E g,AlGaN = 4.0 eV 30 ) , and E Cl, XPS was the position of the Ga 3d core level for GaN and Al 2p core level for AlGaN. It is worth noting here that this analysis focused on the Ga 3d peak, where the core level intensity and position were less sensitive to the overlayer, thereby providing more reliable band bending measurements. Additionally, (E CL À E V ) GaN represented the binding energy difference of the core level of Ga 3d in GaN with respect to the VBM. According to electronic state studies of GaN, [31] [32] [33] the difference between the Ga 3d core level and the valence band maximum was 17.7 eV-17.8 eV. In Table II . Oxygen coverage (in ML) on N-face GaN, Ga-face GaN, and Ga-face AlGaN as determined after the various cleaning steps as given by XPS 35 were the respective differences between the Ga 3d and Al 2p core levels and the valence band maximum, which were used to determine the band bending at the AlGaN surface. Please note that, while the Ga and Al core level peaks include a component due to Ga-O and Al-O bonding, this component does not affect the peak position. The experimental band bending of each sample after various stages of cleaning is summarized in Table IV , and the corresponding external compensation charge is summarized in Table V. These results demonstrated there was a relationship between film content and band bending. In particular, it was revealed that band bending was inversely related to oxygen coverage as shown in Fig. 6a and positively correlated to nitrogen content as shown in Fig. 6b . In addition, while there was a small disparity in the band bending on the N-and Ga-face-which may be the result of different interface dipoles 36 -all three surfaces were characterized by similar band bending after cleaning, ranging from À0.1 eV to 0.9 eV. The magnitude of this band bending suggests the presence of an electronic surface state responsible for Fermi level pinning $0.1 eV to 0.9 eV below the conduction band edge. Moreover, the similarity of the band bending regardless of the polarization bound charge suggests this pinning state can accommodate charge transfer to compensate both positive and negative charge. This pinning state is thus as modeled in Fig. 7 .
DISCUSSION
In order to identify the microscopic nature of this pinning state, we have considered surface reconstructions, defect states, and adsorbates; however, direct comparison between experiment and theory is often not a straightforward means of identifying the microscopic nature of a surface.
To date, most related theoretical research has focused on the nature of pinning states on Ga-face GaN as dependent on surface reconstructions. For example, at the Ga-face surface, several (2 9 2) surface reconstructions are thought to be the most stable, including the gallium adatom, nitrogen adatom, and gallium vacancy structures. 37, 38 Nevertheless, most experimental studies do not explicitly agree with these results, where (1 9 1), (2 9 2), (2 9 4), (5 9 5), and (6 9 4) reconstructions have all been observed. [39] [40] [41] In other words, although the existence of Fermi level pinning surface states has been well documented in GaN-based materials, [42] [43] [44] a microscopic understanding of these states and their dependence on polarity is still unclear. The discrepancy between experimental and theoretical values is likely the result of two factors. First, a detailed understanding of the theoretical and experimental band structure and related density of states of experimentally relevant GaN surface reconstructions is lacking. Second, theoretical studies generally assume clean, ordered surface conditions when such surfaces rarely exist; actual GaN surfaces are commonly oxidized or metal rich. Recent studies have attempted to rectify this disparity, where Himmerlich et al. 45 described experimental and theoretical surface studies to determine the microscopic surface conditions. However, these perfectly ordered surface reconstructions are not sufficient to explain observed Fermi level pinning; it is thus more likely these results were caused by a defect state. Given the magnitude of the experimentally observed band bending and the proportional relationship between the band bending and nitrogen concentrations, it has been proposed that the observed pinning state behavior is related to a nitrogen vacancy or gallium dangling bond. These states have been theoretically and experimentally determined to be located $0.37 eV 46 or 0.5 eV-0.7 eV 47 below the conduction band edge, which agrees with the experimental 51 from GaN surfaces without damaging the surface reconstruction, as it leaves nitrogen vacancies and/or gallium dangling bonds. Consequently, the cleaning method used should passivate these states. This was the case in this experiment and may explain the reciprocal nature between the oxygen coverage and nitrogen content as shown in Fig. 6 . On the other hand, it may be possible that the oxygen coverage introduces additional charge states. For example, there is evidence that dissociation of H 2 O and O 2 on GaN surfaces introduces O and OH À groups on the surface. 53, 54 Removal of this negative charge would thus describe the increase in band bending on the Ga-face as well. It is thus unclear whether the oxygen coverage contributes to the band bending as well, especially on the N face. Moreover, the plasma used in the cleaning may also influence the band bending. While NH 3 plasma annealing has been shown to reduce oxygen effectively, the plasma may also introduce interstitial nitrogen. Therefore, an additional component of the band bending may not necessarily be attributable to surface reconstructions or point defects.
In reality, these explanations are not mutually exclusive. It is likely that nitrogen interstitials, oxygen adsorbates, and vacancies influence the observed band bending at different cleaning stages. Furthermore, additional research has provided evidence for a fixed charge at the interface, 55-57 which may affect the Fermi level pinning position; however, without additional CV measurements, it is difficult to resolve the discrepancy between the electrical measurements and photoemission measurements.
CONCLUSION
In summary, we have used XPS to determine the net concentration of surface states on N-face GaN, Ga-face GaN, and Ga-face Al 0.25 Ga 0.75 N. The results demonstrated a similar band bending regardless of the magnitude or direction of the polarization bound charge. (There is a disparity between the N-and Ga-face; however, this difference is likely the result of an interface dipole, which will be explored further.) Specifically, the band bending varies from À0.1 eV to 0.9 eV on these samples, which indicated that there was likely a Fermi pinning state $0.4 eV to 0.8 eV below the conduction band minimum. We suggested the observed pinning state was related to the nitrogen-related defect or gallium dangling bond, as supported by experimental and literary results-though the state was not directly observed. This proposal is consistent with other experimental and theoretical research; however, there were likely additional mechanisms that influence surface states. In particular, it is still unclear how oxygen adsorbates impact the electronic states configuration. Moreover, the plasma cleaning process likely introduced additional nitrogen interstitial or surface states and affected the band bending. Future research will continue to investigate the effects of polarity with more emphasis on surface bonding to better understand the microscopic nature of these states and their effects on the band bending at the surface of GaN-based materials as well as correlate CV and photoemission measurements to resolve potential inconsistencies. Polarization Effects of GaN and AlGaN: Polarization Bound Charge, Band Bending, and Electronic Surface States
